for panels D and B respectively. Standard curve for the plotted intensities in panel C is used for quantification of labelled material in the rotor, described in the main text. See also notes below table ST5 for calculation. 
Figure S8
: 2D-13 C, 13 C Proton Driven Spin Diffusion (PDSD) experiment of Ub in-cell (red) vs. in-vitro (grey) whose aliphatic region is shown in Figure 4 . Black crosses relate to in-vitro NMR assignments of free Ub as discussed in SI section 3.16. Figure S9 : 2D slices (F2, F3-white background and F1-F3 grey background) from the 3D (2Q-1Q-1Q) 13 C, 13 C spectrum corresponding to I3 (A), L56 (B), V56 (C), V17 (D) and E24 (E). Contour levels used here (indicated on the left) also correspond to the respective panels in Figure 5 . Again, crosses relate to in-vitro NMR assignments of free Ub, as discussed in SI section 3.16.
Supporting Information

Figure S10: 2D slices (F2, F3-white background and F1-F3 grey background) from the 3D (2Q-1Q-1Q) 13 C, 13 C spectrum corresponding to P19 (A), P20 (B), Q62 (C) and K63 (D). Contour levels used here (indicated on the left) also correspond to the respective panels in Figure 5 . Again, crosses relate to invitro NMR assignments of free Ub, as discussed in SI section 3.16. Figure S11: 2D slices (F2, F3-white background and F1-F3 grey background) from the 3D (2Q-1Q-1Q) 13 C, 13 C spectrum corresponding to L43-Blue, V26-Black & I23/61-Cyan (A), L8 (B) and L15 (C). Contour levels used here (indicated on the left) also correspond to the respective panels in Figure 5 . Again, crosses relate to in-vitro NMR assignments of free Ub, as discussed in SI section 3.16. Figure S12: 2D slices (F2, F3-white background and F1-F3 grey background) from the 3D (2Q-1Q-1Q) 13 C, 13 C spectrum corresponding to Q41 & Q31 (A), E18 (B) and S57 (C). Contour levels used here (indicated on the left) also correspond to the respective panels in Figure 5 . Again, crosses relate to invitro NMR assignments of free Ub, as discussed in SI section 3.16. Table ST1 : Peak list corresponding to correlations (in ppm) of residues indicated in Figure 6 . When multiple peaks were identified ( Figure 4 -5, S6-12), only the correlations corresponding to the most resolved peak are shown.
Residue
Correlation ( Table ST5 : Raw Data-analysis and quantification of TMR-Ub in HeLa cells on an SDS-PAGE gel shown in Figure S3 (B). Due to the presence of background noise in the lanes, sum of intensities from four distinct areas in each lane were considered for the analysis, namely Higher Molecular Weight Conjugates (<30 KDa), Nuc-Ub (indicated on the gel), a band between Free-Ub and Nuc-Ub (referred to as 18KDa band) and Free-Ub. To calculate the amount of TMR-Ub in each lane, corresponding to 125,000 cells, the final intensity was plugged into the trendline on Figure S3 (D) (See caption of Table ST4 ). Quantity of Ub in the rotor was extrapolated by assuming 5,000,000 cells per rotor, yielding a lower limit of ~10,000 ng (when total intensity in the Control lane was used) and an upper limit of 30,000 ng (when total intensity in the Epoxo Treated lane was used). 
Sample
Expression and Purification of Ub
Glycerol stocks of E. coli BL21 Rosetta (R2) cells containing a plasmid DNA with wild type Ub sequence, a T7 promoter and, ampicillin and chloramphenicol resistance were cultured overnight in LB medium containing 35 mg/L of chloramphenicol and 50 mg/L of ampicillin. A 100 L overnight preculture was added to 50 mL unlabeled M9 medium and grown until the OD600 reached 0.6, upon which it was scaled up to half of the required final volume of labeled medium (usually 1L or 0.5L) and grown until the OD600 reached 0.3. The cells were then spun down and resuspended in the required volume of fully labeled M9 medium (supplemented with 2g/l of 13 C-D-glucose and/ or 0.5 g/L of 15 NH4Cl) When the OD600 reached 0.6-0.7, the expression of Ub was induced by the addition of 0.5 mM IPTG (final concentration), and the expression was carried out at 37 o C for 6 hours. For the production of unlabeled Ub, an overnight culture was added to the required final volume of LB medium and the expression was carried out in the same way as with the M9 medium. After the expression period, the cells were spun down, resuspended in 10 mM Tris buffer pH 7.4 containing lysozyme. After a freeze-thaw cycle, the cells were lysed by sonication.
The lysate was supplemented with ammonium acetate buffer pH 5.1 at a final concentration of 20 mM and the pH was adjusted to 4.5-5.0 using 37% acetic acid. A clear lysate was obtained by spinning down the insoluble components at 40,000 x g for 30 mins and was subsequently loaded on to a 5 mL HiTrap SP HP cation exchange column (GE Life Sciences), equilibrated with a 20 mM ammonium acetate buffer pH 5.1. A salt gradient of 0-1M NaCl was used for elution. The fractions containing Ub were pooled and Ub was isolated by size exclusion chromatography using a Superdex 75 gel filtration column (GE Life Sciences) equilibrated in 20 mM ammonium acetate pH 5.1, 150 mM NaCl buffer. The fractions containing pure Ub were pooled and buffer-exchanged with water prior to use. For storage, the protein was lyophilized and stored in dry form at -20 o C
Preparation of Ub using Solid Phase Peptide Synthesis
Solid phase peptide synthesis (SPPS) was performed in syringes using a Syro II synthesizer (Multisyntech GmbH, Witten, Germany). Peptides were synthesized using standard 9fluorenylmethoxycarbonyl (Fmoc) based solid phase synthesis as described before [1] with preloaded Fmoc amino acid trityl resin (0.2 mmol/g, Rapp Polymere GmbH) on a 25 µmol scale. Swelling of the resin was achieved by addition of 1.25 mL N-methyl-2-pyrrolidone (NMP) for 5 min (x2). Fmoc was removed by treatment with 20% piperidine in NMP thrice for 3, 5 & 5 min, followed by five washing steps of NMP. Amino acids were coupled by applying a fourfold excess in the presence of 4 equivalents PyBOP and 8 equivalents DiPEA in NMP for 45 min, followed by three washing steps with NMP. After completion of all coupling cycles, the resin was washed with Et2O and dried under vacuum. The ubiquitin peptide sequences were synthesized on resin following the procedures as described before [1] .
Coupling of Tetramethylrhodamine (TMR) on Synthesized Ub
Coupling of TMR at the N-terminus of Ub (1-76) was carried out as previously described [2] . Resin bound Ub 
Cell Culture & Electroporation Mediated Ub Delivery
HeLa cells were grown as 2D cultures, in a 37 o C CO2 incubator, in Dubelco's Modified Eagle's Medium (DMEM Glutamax-Produced by Gibco-ThermoFisher Scientific) supplemented with 10% FBS (Gibco-ThermoFisher Scientific) devoid of any antibiotics. Due to the absence of antibiotics, the cells were only grown in T75 or T175 flasks to reduce the risk of microbial contamination. The electroporation protocol was adapted from the work of Selenko Lab [3] . Healthy cells at 70-80% confluency were harvested and resuspended in electroporation buffer composed of 100 mM NaHPO4 pH 7.0, 50 mM HEPES pH 7.0, 5 mM KCl, 15 mM MgCl2, 2 mM ATP, 2 mM reduced glutathione (GSH) and 300-1200 M Ub (unless mentioned, 1200 M was used). 4 million cells were resuspended in every 100 L of electroporation buffer and 100 L of the suspension was added per electroporation cuvette (Sigma-Aldrich 0.2 cm gap). The cells were pulsed twice with a gap of 10 seconds between each pulse, using a Lonza Nucleofector II device (program B-28). Subsequently, cells were collected in prebuffered and prewarmed (37 o C) DMEM medium supplemented with 10% FBS. The cells were allowed to recover for at least 5 h in the CO2 incubator at 37 o C. After recovery and optional epoxomicin treatment, the (attached and healthy) cells were harvested by trypsinization. Please note that there is a small batch to batch variation in the amount of delivered Ub, as seen in Figure SI1 
Proteasome Inhibition by Epoxomicin
The cells were prepared by delivering the required variant of Ub (unlabeled, isotope labeled or TAMRAlabeled) through electroporation. After 5 h of recovery, the medium was replaced with DMEM medium (containing 10% FBS) with 2 M epoxomicin (Enzo Life Sciences) and 1% penicillin & streptomycin (Gibco-ThermoFisher Scientific). The treatments were carried out for 6 h.
Western Blots
After optional electroporation recovery & epoxomicin treatment, cells were harvested by trypsinization, resuspended in 1X laemmli buffer and boiled for 10 mins at 95 o C. Samples were into Bis-Tris gradient gels (Invitrogen, NuPAGE 10%) and electrophoresis was performed using MES SDS running buffer (NuPAGE) at a steady voltage of 150V. The proteins were electroblotted onto a 0.45 µm nitrocellulose membrane (Bio-Rad) with Tris-glycine-SDS buffer containing 20% ethanol using a wet transfer apparatus (Bio-Rad) at a steady current of 140 mA for 150 min. Subsequently, the blot was washed thrice (5 min each time) using phosphate buffered saline (PBS) containing 0.1% Tween 20 (PBST buffer). Blocking was done for 1 h at room temperature using PBST with 5% milk. Primary antibody incubation was done overnight in PBST with 5% milk at 4 o C, against Ub (mouse anti-Ub: sc-8017, Santa Cruz Biotechnology) or β-Actin (mouse anti-Actin: A5441, Sigma). The blots were washed thrice using PBST buffer and secondary antibody (Goat Anti-Mouse 800CW, Licor IRDye, 926-32210) incubation was done for 1 h in PBST with 5% milk at room temperature. The blots were visualized using an Odyssey imaging system. The blots were processed using FIJI Software [4] .
Confocal Microscopy
Recovery after electroporation was done on sterile 0.01% Poly-L-Lysine coated 12 mm coverslips in 12 well plates (Cell Star). After recovery and optional epoxomicin treatment, the coverslips were washed with PBS and the cells were fixed using 4% paraformaldehyde in PBS for 15 mins. Cells were permeabilized using 0.1% Triton-X in PBS for 10 mins and 100 nm phalloidin-alexa 488 (Acti-stain 488 Fluorescent Phalloidin, Cytoskeleton Inc.) staining was done for 30 mins followed by 10 g/mL DAPI (Sigma) staining for 5 mins. After every step (fixing, permeabilization and staining), the coverslips were washed twice using PBS. The coverslips were finally mounted on a glass slide with SlowFade Gold Antifade Mounting Medium (ThermoFisher Scientific) and the edges of the coverslip was sealed using transparent nail polish. For imaging the diffusion of DNP agents by confocal microscopy we used PyPol-MTSSL [5, 6] conjugated to TAMRA. Samples were imaged on a Leica SP8 microscope equipped with appropriate solid-state lasers. For all confocal imaging, HCX PL 63x 1.32 oil objectives and HyD detectors were used. Digital zoom ranging from 1.5x-3x was employed as applicable.
Solution-State NMR Experiments on HeLa Cells & Lysates
48 million cells were electroporated with 15 N labeled Ub at a final concentration of 1200 µM in the electroporation buffer. After a recovery period of five hours, cells were harvested by trypsinization, washed with PBS and resuspended in Leibowitz Medium with 10% FBS and D2O in lysis buffer (50 mM Tris pH 7.0, 5 mM MgCl2, 250 mM sucrose and 0.1% NP-40). After NMR measurements on intact cells, a freeze-thaw step was performed on the cell pellet followed by lysis using a dounce homogenizer. Clear lysate was obtained by spinning down the lysate at 12,000 x g for 30 min. Prior to NMR experiments, 10% D2O (final concentration) was added to the lysate to enable field locking. 15 N-1 H SOFAST-HMQC spectrum [7] was acquired at 298 K with a triple channel ( 1 H, 13 C, 15 N) cryogenically cooled-probe, at a static magnetic field of 21.1 T, corresponding to a proton frequency of 900 MHz with 1024 scans with a delay of 0.25s. Acquisition times were 56 ms (2048 data points-20 ppm spectral width) and 17 ms (96 data points-31 ppm spectral width) for the 1 H and 15 N dimensions, respectively. The spectrum ( Supplementary Fig. 4 ) was processed using a cosine squared window function in both dimensions.
Sample Preparation for DNP Solid-State NMR Experiments
For ssNMR sample preparation, 8 million cells were electroporated with ( 13 C, 15 N) Ub at a final concentration of 1200 µM in the electroporation buffer. After a recovery period of five hours, the cells were harvested by trypsinization, washed with PBS and resuspended in 50 L of deuterated DNP juice (60% deuterated d7-and 12 C enriched (99.95%) glycerol in D2O or just d7-glycerol) comprising of 15-30 mM AMUPol [6] in Hank's Buffered Salt Solution (HBSS: 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 0.4 mM MgSO4, 0.5 mM MgCl2, 0.3 mM Na2HPO4, 0.4 mM KH2PO4, 6 mM glucose and 4 mM NaHCO3). The cells were then spun down into DNP rotors by mild centrifugation (lower than 1000 x g). The supernatant containing excess DNP juice was removed, and the rotor was snap frozen in liquid nitrogen prior to magic angle spinning (MAS) at 100 K.
General Information on ssNMR Experiments
We conducted solid-state NMR experiments under low temperature (100 K) DNP conditions using 3.2 mm triple-resonance ( 1 H, 13 C, and 15 N) magic-angle-spinning (MAS) probe head in a static magnetic field of 9.4 T, corresponding to proton/electron resonance frequencies of 400 MHz/263 GHz and 3.2 mm double-resonance ( 1 H, 13 C) magic-angle-spinning (MAS) probe head in a static magnetic field of 18.8 T, corresponding to proton/electron resonance frequencies of 800 MHz/527 GHz (Bruker BioSpin). All spectra were recorded at a MAS rate of 8 kHz using SPINAL-64 proton decoupling [8] at 84 kHz. A recycle delay of 2s was used for all experiments.
1 H-13 C Cross Polarization Experiments for Measuring DNP Enhancements
50-70 μs contact times were used for H-C CP transfer. 100 & 200 Hz line-broadening were applied prior to Fourier transformation for the spectra shown in Figure 3 and Figure S5 respectively.
2D 13 C, 13 C PDSD Experiments
For all the experiments (Figure 4 & S8) , PDSD mixing time of 30ms was used. Contact times of 110 μs and 70 μs were used for H-C cross polarization on in-vitro and in-cell Ub samples respectively. Acquisition times were 15 ms (600 data points used-405.4 ppm spectral width) and 5 ms (282 data points-280 ppm spectral width) for the direct and indirect dimensions, respectively. Cumulative number of scans of 32 and 256 were used for the in-vitro and in-cell Ub samples respectively. The 2D spectra were processed using a 0.28 π shifted sine squared window function on both dimensions.
2D 2Q-1Q 13 C, 13 C Correlation Experiment
The 2D 2Q-1Q 13 C, 13 C correlation spectrum shown in Figure S6 , was obtained using 10 blocks of SPC5 [9] mixing (2.5 ms) for generation and subsequent reconversion of double quantum coherences. A contact time of 70 μs was used for H-C cross polarization and continuous wave (CW) H decoupling was applied during the SPC5 sequence with a field strength of 85 kHz. Acquisition times were 10 ms (400 data points used-307 ppm spectral width) and 1.1 ms (60 data points-280 ppm spectral width) for the 1Q direct and 2Q indirect dimensions, respectively. 512 scans were acquired. With forward linear predictions (4 points using 16 coefficients) on DQ dimension, the 2D spectra were processed using a 0.25π shifted sine squared window function in both dimensions.
2D 15 N-13 C Correlation (NCA) Experiment
15
N-13 C-correlation experiment shown Figure S7 was performed using a 1 H-15 N CP step of 1 ms and a SPECIFIC-CP [10] 15 N-13 C step of 2.5 ms. The center frequencies were 50 ppm and 120 ppm for 15 N and 13 C dimensions, respectively. Acquisition times were 10 ms (800 data points used-497 ppm spectral width) and 3.4 ms (25 data points-90 ppm spectral width) for the direct and indirect dimensions, respectively. 384 scans were acquired. the 2D spectra were processed using a 0.33 π shifted sine squared window function in both dimensions.
3D 2Q-1Q-1Q 13 C, 13 C Correlation Experiment
The 3D 2Q-1Q-1Q 13 C, 13 C correlation spectrum shown in Figure 5 & S9-12, was obtained using 10 blocks of SPC5 [9] mixing (2.5 ms, MAS: 8kHz) for generation and subsequent reconversion of double quantum coherences. A contact time of 70 μs was used for H-C cross polarization and continuous wave (CW) H decoupling was applied during the SPC5 sequence with a field strength of 85 kHz. Following reconversion of double quantum coherences, PARIS [11] recoupling with an amplitude of 4 KHz was applied on the 1 H channel to achieve a spin diffusion mixing time of 30 ms. Acquisition times were 10 ms (400 data points used-307 ppm spectral width) on the F3 1Q direct dimension, 1.5 ms (64 data points-212 ppm spectral width) for the F2 1Q indirect dimension and 0.8 ms (48 data points-290 ppm spectral width) for the F1 2Q indirect dimension. 64 scans were acquired. With forward linear predictions (8 points using 8 coefficients on F2 dimension and 4 points using 8 coefficients on the F1 dimension), the 2D spectra were processed using a 0.28 π shifted sine squared window function on all dimensions.
Multidimensional Spectra Analysis
For spectral analysis, NMRFAM-SPARKY software package was used [11] . ssNMR assignments were obtained from BMRB ID: 7111 of microcrystalline Ub. For Ub loops for which ssNMR assignments were not available, we supplemented assignments from solution NMR (BMRB ID: 15410). As it has been shown before, solution NMR assignments do not differ greatly from microcrystalline solid state NMR assignments, especially on Carbons [12] . The correlations expected per experiment were prepared using the web-based chemical shift prediction tool FANDAS 2.0 [12] .
